Temperature-dependent measurements of the pulsed light-current characteristics of InGaN light-emitting diodes that were thermally annealed at different temperatures have been investigated. A distinct light output, at a fixed current density, with operating temperature arises where the light output increases as the operating temperature is reduced from 300 K, reaches a maximum, and then decreases with subsequent reductions of the operating temperature. We observe that light-emitting diodes thermally annealed at higher temperatures, which is believed to increase the number of electrically activated acceptors in the p layers, have a lower light output below 300 K and the maximum light output shifts to higher operating temperatures. Measured absorption and emission spectra show that the thermal anneal process has not affected the structure of the quantum wells within these samples. The light output, for a fixed current density, has been simulated as a function of operating temperature, and we find that by changing the concentration of acceptor atoms, compensating donor atoms, and the hole mobility in the p layers, the trends observed experimentally can be reproduced. On the basis of the simulations we find that the distinct behavior of the light output with operating temperature is due to the combination of Shockley-Reed-Hall recombination, at operating temperatures around 300 K, and electron drift leakage, at operating temperature below 300 K, and the increase of the acceptor concentration results in an increased electron drift leakage due to the change of the concomitant hole mobility. The simulations support the view that the experimental observations can be explained through changes of the acceptor concentration in the p layers when the thermal anneal temperature is increased.
The influence of acceptor anneal temperature on the performance of InGaN/GaN quantum well light-emitting diodes
I. INTRODUCTION
Optoelectronic devices fabricated with GaN-based materials are of technological importance as emitters and detectors over the entire visible wavelength range and deep into the ultraviolet. The advances in the growth techniques of GaN and the alloys with In and Al, along with the successful p doping of GaN, have been the major steps making the production of lasers and light-emitting diodes ͑LEDs͒ possible.
To achieve successful p doping of GaN, magnesium ͑Mg͒ atoms are generally used as the p-type dopant. However, the acceptor atom is usually electrically inactive after growth as hydrogen ͑H͒ can form a complex with the acceptor atom during the postgrowth cooling process.
1 Therefore, the Mg atom has to go through two processes to produce holes in the material. The first is electrical activation of the Mg acceptor atom in the lattice to create an acceptor and the second is the normal thermal ionization process, where the operating temperature and acceptor ionization energy lead to a fraction of the acceptors being ionized to produce free holes. Electrical activation of Mg can be achieved through a number of methods: low-energy electron-beam irradiation, 2 thermal annealing in nitrogen above 600°C, 3-5 more recently thermal annealing with oxygen, 6 and the use of laser irradiation to induce activation. 7 Through these methods the Mg-H complex is broken and the Mg forms an electrically active acceptor, though the H can form a compensating donor if not completely removed. 8, 9 However, the larger increase of the acceptor concentration compared to the compensating donor concentration results in an overall increase in hole concentration. These postgrowth steps can dramatically reduce the resistivity 1-4 and increase the hole concentration in the layer compared to as-grown Mg-GaN ͑Refs. 4-7͒ and are critical steps in the production of efficient LEDs and lasers. Through the analysis of Hall-effect measurements, where the temperature-dependent carrier concentration is measured, the acceptor and donor concentrations and the acceptor ionization energy can be determined. Postgrowth steps such as the examples above are usually required when the growth process involves H and temperatures above 1000 K are used, as is common in metal-organic vapor-phase epitaxy ͑MOVPE͒, whereas molecular-beam epitaxy ͑MBE͒ growth of Mg-GaN occurs below 1000 K and H is absent, producing electrically active p-type GaN without the need for postgrowth steps.
have experimentally investigated the effect of the thermal anneal temperature on the optical performance of MOVPEgrown InGaN multiple quantum well ͑MQW͒ LEDs through measurement of the light-current ͑LI͒ characteristics as a function of temperature and the absorption and emission spectra. We demonstrate that the thermal anneal temperature can affect the temperature dependence of the LI characteristics even though no noticeable change of the absorption spectrum of the InGaN quantum wells ͑QWs͒ is detected. We have used the device simulator 11 SIMWINDOWS to simulate device operation and to find that by changing the number of activated acceptors and compensating donors present in the p-doped layers and the concomitant hole mobility we can produce similar behaviors for the temperature dependence of the light output as those found experimentally. Analysis of the simulated results provides us with evidence that carrier loss from the QWs is significant in GaN-based LEDs and is dependent upon the acceptor concentration and hole mobility, giving further evidence that the conditions of the thermal anneal step can affect device performance.
II. EXPERIMENTAL METHODS AND RESULTS
The sample investigated was initially designed for laser studies and was fabricated into LED devices for this work. The structure was grown by MOVPE on a sapphire substrate. After a nucleation layer, 2 m of nominally undoped GaN and 4 m of n-type Si-GaN were grown, followed by 2 m of highly doped Si-GaN. A 650 nm n-doped superlattice structure which consisted of 125 pairs of Al 0.18 Ga 0.70 N-GaN was grown followed by 150 nm of undoped GaN, the InGaN-GaN active region, 150 nm of undoped GaN, a 625 nm p-doped superlattice structure consisting of 125 pairs of Al 0.18 Ga 0.70 N-GaN, and then capped by a 300 nm p-doped Mg-GaN layer. The active region consisted of ten 2.5 nm In 0.10 Ga 0.90 N QWs embedded between 7.5 nm GaN barriers and was followed immediately with a 20 nm p-doped Mg-Al 0.30 Ga 0.70 N electron-blocking layer. The growth temperature of the p-type layers was 1220 K. Figure 1 shows a schematic band diagram of this InGaN/ GaN MQW LED structure.
After growth four pieces of the sample were annealed individually at temperatures of 700, 750, 850, and 900°C in a thermal annealer for 20 min in nitrogen prior to the fabrication into LEDs. The LEDs were fabricated together under the same conditions, and each had an emitting area of 2 ϫ 10 −8 m 2 and produced emission at 415 nm under electrical bias. The LI and emission characteristics of the LEDs were measured using pulsed electrical injection; a pulse length of 500 ns with a pulse rate of 1 kHz was used, giving a duty cycle of 0.05%, to reduce the self-heating effects that occur in continuous-wave operation.
The pulsed LI characteristics were measured as a function of operating temperature for each sample; the LI results for a LED from the sample annealed at 900°C are shown in Fig. 2 . The LI characteristics display a slight superlinear behavior for all temperatures investigated, which was also observed for the LED samples annealed at lower temperatures. An LED in which all the recombination was radiative would exhibit a linear LI characteristic and so the superlinearity suggests that a nonradiative recombination mechanism, which has a weaker dependence on carrier density than radiative recombination, is present in these samples. Unlike this work, in previous reports on InGaN LEDs, sublinear LI curves have been measured 12-14 and Pope et al. 14 have shown that drift-diffusion leakage from the QW produces the sublinear behavior and that the drift rate is dependent upon the electrical properties of the p-type GaN cap layer. Despite the different shape of the LI curves for the samples in this paper, we will show that drift-diffusion leakage cannot be ignored and that the superlinear shape of the LI characteristic is due to a combination of radiative, Shockley-Reed-Hall, and drift-diffusion leakage current.
At a fixed current density, for example, as indicated by the dashed line in Fig. 2 , the light output increases with operating temperature from 260 to 280 K where it reaches a maximum and then decreases with subsequent increases in the operating temperature up to 340 K. This distinct behavior of the light output with operating temperature has been reported previously by other groups for other InGaN-GaN 15 where the electroluminescence at 20 mA decreases with increasing thermal anneal temperature and is attributed to "large fluctuations in the In content or phase segregation" in the QWs during annealing. In our study, as the operating temperature is lowered below 300 K, the light output for all four LED samples increases ͑before decreasing again at still lower temperatures͒. In addition the sample annealed at 700°C has the highest increase in the light output while the sample annealed at 900°C has the lowest increase. The maximum light output from the LED annealed at 900°C is about four times less than the maximum light output achieved from the LED annealed at 700°C. Additionally the operating temperature at which the maximum light output occurs differs for the LED samples where the LEDs annealed at 700°C have a maximum light output at 240 K while the LEDs annealed at 900°C have a maximum light output at 290 K.
The absorption spectrum of each LED has been measured using edge photovoltage absorption spectroscopy. 16 Figure 4͑a͒ shows the measured absorption spectra for the four LED samples and are typical of InGaN QWs, where the absorption increases slowly with increasing energy.
14 The absorption spectra ͑of the InGaN QWs͒ obtained from all four LEDs are similar, suggesting that the different thermal anneal temperatures have not caused any detectable differences between the LED samples. Previous studies have shown that intermixing of the InGaN QWs and GaN barriers can occur during thermal annealing. [17] [18] [19] [20] [21] Our absorption results imply that any intermixing of the InGaN QW and GaN barriers within these structures has not occurred over the range of anneal temperatures ͑700-900°C͒ used in this study. Our results are consistent with previous studies where a thermal anneal temperature of 900°C was not sufficient to cause any structural changes within the active region. Chuo et al. 18 reported that thermal annealing at 900°C produces photoluminescence ͑PL͒ similar to as-grown samples and that when higher thermal anneal temperatures are used a blueshift of the PL is detected as a result of intermixing, while the work of McCluskey et al. 21 shows that it is not until a thermal anneal temperature above 1200°C is used that a blueshift is detected in the spontaneous emission. The electroluminescent emission spectra of the LEDs annealed at different temperatures are shown in Fig. 4͑b͒ for a current density of 20 A cm −2 , from which there is no discernable evidence that the different thermal anneal temperatures used have caused any change in the InGaN QWs. The wavelength at which the peak intensity occurs does differ slightly between the LEDs though the full widths half maximum ͑FWHMs͒ of the spectra are similar with value of FWHM= 18 nm. The LED sample annealed at 850°C emits at shorter wavelengths while the LED sample annealed at 900°C emits at longer wavelengths. The other two samples emit at wavelengths in between these two; therefore there is no pattern to link the behavior of the emission with the anneal temperature of the samples. We suspect that the small differences observed in the emission spectra are due to small differences in the carrier density in each well and the resultant effect of band filling and screening of the piezoelectric field. 22 As described later the carrier density in the wells can be different even though the current densities are the same and so the small differences in the emission spectra are not evidence of any change in the quantum wells themselves. In summary, there is no evidence from the absorption and emission measurements that the active region has been affected by the different thermal anneal temperatures. 
III. SIMULATION
To understand what cause the different behaviors in the LI characteristics with operating temperature, we have simulated how the light output varies with operating temperature for InGaN LED structures. If we assume that the effect of postgrowth annealing is to vary the acceptor and donor concentrations in the material, we can explore the effects of annealing by modeling the operation of the device for different dopant concentrations. We have used the device simulator 11 SIMWINDOWS which is a one-dimensional driftdiffusion simulator which solves electrical, optical, and thermal equations for a described structure and was developed and successfully used to analyze vertical cavity surfaceemitting lasers ͑VCSELs͒. 23 The simulator includes Fermi statistics and incomplete ionization of the dopants. To simplify the structure the AlGaN superlattice is treated as a continuous AlGaN layer with an average Al composition of 9% as shown in Fig. 1 . The parameters which are common to the three structures are given in Table I , while in the following sections we discuss the critical aspects of our analysis.
The temperature dependences of the hole concentration and of the hole mobility are important in this study as they are both affected by the change of acceptor concentration. Furthermore, through the conductivity, they both affect the electric field across the p layers as described in the work by Pope et al. 14 The electric field is given by
where J is the sum of the radiative and nonradiative current densities in the active region, e is the electronic charge, p͑T͒ is the temperature-dependent hole concentration, and p ͑T͒ is the temperature-dependent hole mobility. In the simulation the hole concentration is calculated using the acceptor concentration, the donor concentration, and acceptor ionization energy. As discussed earlier the thermal anneal step ͑and the temperature used͒ increases the acceptor concentration, and a compensating donor concentration can be present though this is generally an order of magnitude less than the acceptor concentration. [24] [25] [26] [27] The values of the acceptor and compensating donor concentrations and the hole mobility for our samples are not known so we have used values measured on GaN samples with acceptor concentrations of ͑2,4, and 8͒ ϫ 10 19 cm −3 . [24] [25] [26] In Table II the values of acceptor concentration, compensating donor concentration, and acceptor ionization energy are given for p-GaN, which were determined from the analysis of experimental temperature-dependent Hall measurements [24] [25] [26] are given along with the corresponding value of the hole concentration at 300 K.
We assume that the p-AlGaN cladding and electronblocking layers, shown in Fig. 1 , have the same acceptor concentration within each sample and that the donor concentration in AlGaN is 10% of the acceptor concentration which is consistent with measurements by Tanaka et al. 27 We also assume that the acceptor concentration increases in a similar manner to p-GaN, so that the acceptor concentration in AlGaN rises in proportion to an increasing acceptor concentration in p-GaN. However, the value of the acceptor concentration in each case is assumed to be smaller than that in GaN ͑and the ionization energy is larger-see below͒ so that a smaller hole concentration ͑approximately 2 ϫ 10 16 cm −3 ͒ is produced to be consistent with experimental data. 27, 28 The acceptor ionization energy is assumed to increase with Al composition at a rate of 3 meV per percentage of Al ͑Ref. 29͒ producing ionization energy values, 194 meV ͑8%͒ and 260 meV ͑30%͒, which are similar to those in the work by Lee et al.; 30 the values for the acceptor concentration, compensating donor concentration, acceptor ionization energy, and hole concentration in AlGaN are given in Table II .
To ensure consistency we have, in addition to using the hole concentration versus reciprocal temperature data of Refs. 24 and 25, also used the hole mobility versus temperature data from the same publication. 24, 25 The published measured data show that the presence of increased acceptor and donor concentrations causes the hole mobility to decrease at 300 K, from 15 cm 2 / V s for an acceptor concentration of 2 ϫ 10 19 cm −3 to 3 cm 2 / V s at an acceptor concentration of 8 ϫ 10 19 cm −3 ; the mobility values used for our three samples are given in Table II . In addition the peak hole mobility moves to higher temperatures with increasing acceptor concentrations such that for 2 ϫ 10 19 cm −3 the peak occurs at ϳ150 K while for 8 ϫ 10 19 cm −3 the peak occurs at 350 K. For the p-AlGaN system there is a lack of published hole mobility data as a function of temperature for different Al compositions, and hence we have assumed that the hole mobility in all the p layers is the same within the simulated example. The work by Tanaka et al. 27 shows that the hole mobility for AlGaN with 8% Al has similar values to GaN around 300 K and we assume that the temperature dependence is also the same as for GaN.
IV. SIMULATED RESULTS
The simulated light output versus temperature at a fixed current density of 25 A cm −2 for the three samples with different activated acceptor concentrations is shown in Fig. 5 . The simulated results shown in Fig. 5 reproduce the trends observed experimentally in Fig. 3 . A decrease in the light output and a shift of the maximum light output to higher temperatures are observed in the simulated results below 300 K when the activated acceptor concentration is increased and hole mobility is reduced. Above 300 K the simulated data reproduce similar values for the light output for the three different acceptor concentrations. If only the activated acceptor concentration ͑which changes the hole concentration͒ in the p-GaN layer is changed, which is of course contrary to the published results that also shows a change in the mobility, 24, 25 the simulated data do not reproduce the trends observed in the experiment. We conclude that the effect of varying the acceptor and donor concentrations and the hole mobility in our model does reproduce the experimental behavior with anneal temperature.
Through the simulated data we are able to identify the mechanisms that lead to the distinct light output behavior with temperature. At high temperatures the electrons can thermally escape out of the QW; however, the AlGaN electron-blocking layer prevents a substantial fraction of them from being lost from the core of the structure. The initial increase in the light output as the temperature is lowered from 320 K is a result of improved electron confinement in the QWs. By comparing simulations of the structures with and without the AlGaN blocking layer, we determine that the presence of the blocking layer increases the electron population in the QWs near the blocking layer but also increases the electron population in the barriers regions. It is the increased barrier nonradiative recombination ͑Shockley-Reed-Hall͒ that leads to a reduced light output even though most of the carriers are not lost from the core of the structure. In Fig. 6 the nonradiative current component within the barrier regions is shown as a function of temperature for a structure with an acceptor concentration of 4 ϫ 10 19 cm −3 , the other two structures provide similar curves.
We find that electrons are lost from the core of the structure to the p-type GaN layer through drift leakage. The electron drift leakage current component as a function of temperature for the three simulated structures is also shown in Fig. 6 . The leakage component increases as the temperature is lowered for all the structures and increases when the acceptor concentration is increased and the hole mobility is decreased. Note that the increase in electron leakage current with increasing acceptor concentration occurs because the decrease in hole mobility accompanying the increasing acceptor concentration has a larger effect. The values for the leakage current may seem small, i.e., ϳ1-2 A cm −2 , but when compared to the total current density, 25 A cm −2 , the drift leakage is significant. In Fig. 7͑a͒ the simulated conduction-band profiles at operating temperatures of 300, 240, and 180 K for a structure with an acceptor concentration of 4 ϫ 10 19 cm −3 are shown. At 300 K the p side of the structure is slightly tilted due to electric fields that are produced across the p-doped layers. Figure 7͑b͒ shows a magnified diagram of the active region and the p-AlGaN electronblocking layer. The electric field across the p-AlGaN ͑la-beled A͒ electron-blocking layer is considerably larger than the fields across the p-AlGaN strained layer superlattice ͑SLS͒ ͑labeled B͒ and p-GaN ͑labeled C͒ layers. As the temperature is decreased, the electric field across the p layers increases due to the decrease of the hole concentration and the temperature-dependent hole mobility as described by Eq. ͑1͒, resulting in an increased electron leakage through drift as shown in Fig. 6 . Hence, the electron population in the QWs decreases and as a consequence the light output reduces.
Overall the effect of the increased electron confinement in the QWs competes with drift electron leakage to produce the distinct temperature dependence of the light output. Fig-FIG ure 8 shows the simulated conduction-band profiles at 240 K as we mimic the samples with three different anneal temperatures ͑which have different acceptor concentrations and mobility in the p-doped layers͒. The electric field across the p-AlGaN electron-blocking layer increases by about 10% as the acceptor concentration goes from its lowest to its highest value. However, the electric field across the p-AlGaN SLS increases more substantially for the higher acceptor concentration; raising the acceptor concentration from 2 ϫ 10 19 to 8 ϫ 10 19 cm −3 produces an increase of the electric field from 6.5ϫ 10 3 to 1.58ϫ 10 4 V cm −1 , an increase of more than a factor of 2 due to the concomitant decrease in hole mobility. The combination of the increasing electric fields across the p-AlGaN layers as the acceptor concentration is raised results in the increase of leakage current as shown in Fig. 6 . The distinct light output as a function of temperature is therefore due to a competition between the increased electron confinement in the QWs and leakage by drift.
V. CONCLUSIONS
In conclusion, the light output versus temperature characteristics have been measured for InGaN/ GaN QW LEDs which were annealed at different temperatures. All four of the LED samples produce a distinct light output with temperature which increases as the operating temperature is decreased from room temperature, reaches a maximum, and then decreases with subsequent decreases in operating temperature. It is found that an increase of the thermal anneal temperature, which is believed to activate the acceptors in these LEDs, results in a change in the temperature dependence of the light output at a fixed current density. At temperatures below 300 K the light output decreases and the peak light output shifts to higher operating temperatures when the thermal anneal temperature is increased. Through measurement of the absorption and emission spectra it is found that the increased thermal anneal temperature has no effect on the QWs within the structures. The light output versus temperature has been simulated using SIMWINDOWS, and it is found that by changing the concentration of acceptor atoms ͑and consequentially the concentration of compensating donors and the hole mobility͒, the trends observed in the experimental results can be reproduced. At operating temperatures around room temperature it is found that nonradiative recombination in the barrier regions is significant as electrons can thermally escape from the wells but are prevented from being lost to the contact by the AlGaN blocking layer and hence populate the barriers. When the operating temperature is decreased the thermal escape of the electrons from the quantum well reduces, but it is found that the electric fields across the p-doped layers increase which results in increased drift leakage. Additionally when the acceptor concentration is raised, drift leakage increases due to larger electric fields across the p-doped layers due to the concomitant change in hole mobility. The combination of the nonradiative recombination and the drift leakage combine to produce the distinct temperature behavior of the light output. Therefore, it can be concluded that the experimental observations can be attributed to changes of the acceptor concentration and mobility in the p layers when the thermal anneal temperature is changed. 
